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� Mytilus galloprovincialis
bioaccumulated titanium regardless
the TiO2 form.

� Both forms of TiO2 induced
histopathological alterations in
mussels.

� Higher oxidative stress was observed
in mussels exposed to anatase.

� Neurotoxicity was induced by both
forms of TiO2.
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a b s t r a c t

Titanium dioxide (TiO2) particles have been widely used in various industrial applications and consumer
products. Due to their large production and use, they will eventually enter into aquatic environments. Once
in the aquatic environment TiO2 particles may interact with the organisms and induce toxic effects. Since
themost common crystallographic forms of TiO2 are rutile and anatase, the present study evaluated the effect
of these two forms of TiO2 particles in Mytilus galloprovincialis. For this, mussels were exposed to different
concentrations of rutile and anatase particles (0, 5, 50, 100 mg/L) for twenty-eight days. Ti concentrations,
histopathological alterations and biochemical effects were evaluated. Similar Ti concentrations were found
inmussels exposed to rutile and anatase, with the highest values inmussels exposed to the highest exposure
concentration.Histopathological resultsdemonstratedthatboth formsof TiO2 inducedalterationsongills and
digestive glands along the increasing exposure gradient. Biochemical markers showed thatmussels exposed
to rutilemaintained theirmetabolic capacity (assessed by the activity of the Electron Transport System, ETS),
while anatase increased the metabolism of mussels. Mussels exposed to rutile increased their detoxifying
defences which, due to the low tested concentrations, were sufficient to avoid cellular damage. On the other
hand, mussels exposed to anatase suffered cellular damages despite the increase of the antioxidant defences
which may be related to the high ETS activity. Both rutile and anatase particles were toxic toM. galloprovin-
cialis, being the highest oxidative stress exerted by the crystalline form anatase.

� 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Among anthropogenic contaminants of emerging concern are
engineered nanomaterials (ENMs) that can be divided into two
general classes: carbon-based and metal-containing ENMS
(Fadeel and Garcia-Bennett, 2010). Titanium dioxide (TiO2) are
metal oxide particles which are extensively used in various indus-
trial applications and consumer products including water treat-
ment approaches, biomaterials, cosmetics, and electronic
equipments (Robichaud et al., 2009; Mezni et al., 2018), mainly
due to their high transparency to visible light and high UV absorp-
tion (Braydich-Stolle et al., 2009). For this reason it is estimated
that the worldwide TiO2 particles production will reach 2.5 million
tons by 2025 (Mezni et al., 2018). There are three crystalline forms
of TiO2: i) anatase (tetragonal), ii) rutile (tetragonal), and iii) broo-
kite (orthorhombic) (Cho et al., 2013; Iswarya et al., 2018). Among
these, rutile and anatase are the most common forms of TiO2 due to
their properties such as high photocatalysis and refractive index
(Iswarya et al., 2018). Brookite has rarely been used or studied thus
far, due to its scarcity in the environment (Allen et al., 2010) and
difficulties in preparing significant amounts of good quality mate-
rial (Gong and Selloni, 2007). Both rutile and anatase forms are
widely employed in consumer products like toothpaste, sun-
screens, food, paints, plastics, paper, and biomedical devices
(Wang et al., 2007; Yang et al., 2009; Middlemas et al., 2013; de
la Calle et al., 2017; Barbosa et al., 2018; Leong and Oh, 2018;
Dorier et al., 2019). Furthermore, they are also used in environ-
mental oriented applications including wastewater treatment
(Yuzer et al., 2015), air purification (Paz, 2010) and soil remedia-
tion (Yang and Xing, 2009). Rutile is used in optical elements and
as a dielectric material in ceramics (Amtout and Leonelli, 1995;
Wang et al., 2019). Anatase is applied as a catalytic support for
the production of nanotubes and nanoribbons (Mogilevsky et al.,
2008) and used in photovoltaics (Grätzel, 2001). Due to its world-
wide production and usage, both forms of TiO2 particles are
released in enormous quantities in urban and industrial sewage
and, consequently, reach aquatic environments (Gottschalk and
Nowack, 2011; Nowack et al., 2012).

Since estuaries are semi-enclosed coastal bodies of water that
connect terrestrial, freshwater and marine systems (Dame, 2008),
they are expected to be the ultimate sink for contaminants such
as ENMS (Islam and Tanaka, 2004; Dauvin and Ruellet, 2009;
Canesi et al., 2010; Barmo et al., 2013). Among these contaminants
Ti has been identified in marine systems with concentrations rang-
ing between 0.01 and 5.5 mg/L (Yan et al., 1991; Yokoi and van den
Berg, 1991; Skrabal, 2006). With the increased use of TiO2 and low
capacity of wastewater treatment plants to eliminate these parti-
cles (Shi et al., 2016), Ti has been detected at concentrations rang-
ing between 100 and 3000 lg/L in sewage (Kiser et al., 2009), and
increasing concentrations of Ti in aquatic systems ranging from 5
to 600 lg/L (Kaegi et al., 2008; Menard et al., 2011).

Once in the aquatic environment TiO2 particles may interact
with organisms and induce toxic effects (Iswarya et al., 2019). Pre-
vious studies demonstrated that these particles caused severe tox-
icity towards aquatic organisms. Barmo et al. (2013) showed that
TiO2 affected mussels immune system and digestive gland func-
tioning. Other studies showed the impacts of different forms of
TiO2. Braydich-Stolle et al. (2009) observed that rutile particles
were capable of initiating apoptosis, while anatase particles trig-
gered cell necrosis in mouse keratinocytes. Also, Iswarya et al.
(2015) demonstrated that rutile and anatase particles caused dam-
age in different parts of the green algae Chlorella sp. Rutile caused
damages in chloroplast and internal organelles while anatase par-
ticles led to nucleus and cell membrane damages. Nevertheless,
information on the impacts of these two forms of TiO2 particles
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on aquatic species, and especially marine and estuarine organisms,
is still limited. Therefore, it is of utmost relevance to understand
the impacts of rutile and anatase particles on aquatic environ-
ments, namely on inhabiting organisms.

Mytilus galloprovincialis is considered a good bioindicator due to
its capacity to tolerate and accumulate various contaminants,
sedentary lifestyle, wide geographical distribution and abundance
(Wang et al., 1996; Viarengo et al., 2007; Banni et al., 2014).
Although recent studies already revealed the impacts of TiO2 par-
ticles in M. galloprovincialis (Canesi et al., 2010, 2012; Ciacci
et al., 2012; Barmo et al., 2013; Mezni et al., 2018), to our knowl-
edge no information is available on the toxic effects of rutile and
anatase forms on this mussel species. Therefore, the present study
evaluated the impacts induced by different concentrations of rutile
and anatase particles in M. galloprovincialis, by measuring
histopathological and metabolic alterations as well as oxidative
and neurotoxic status.
2. Methodologies

2.1. Anatase and rutile particles characterization

Two commercial TiO2 particles of different morphology were
tested in the present study: i) the rutile form acquired from Alfa
Aesar (99.5%), and ii) the anatase form, acquired from Merck
(99.7%). The structural and microstructural characterization of
rutile and anatase particles were performed by X-ray diffraction
(XRD), Raman spectroscopy and scanning electron microscopy
(SEM) techniques. The textural properties of the samples were
assessed by �196 �C N2 adsorption-–desorption isotherms. XRD
data were collected with a Phillips X’Pert MPD diffractometer using
Cu-Ka radiation. The Raman spectra were recorded on a Bruker RFS
100/S FT Raman spectrometer using a 1064 nm excitation of the
Nd/YAG laser. SEM images were acquired on a SEM-FEG Hitachi
SU-70 microscope operated at 15 kV. Nitrogen adsorption-
desorption isotherms were recorded at �196 �C using a Gemini V
2.00 instrument model 2380. The samples were dehydrated over-
night at 200 �C to an ultimate pressure of 1024 mbar and then
cooled to room temperature prior to adsorption.

The characterization of particles in the exposure medium was
made by Dynamic Light Scattering (DLS) analysis. The DLS mea-
surements were carried out using a Nano ZetaSizer, Malvern equip-
ment with a ‘‘red’’ laser operating at 633 nm and a detector
positioned at 173 � at room temperature.
2.2. Sampling and experimental conditions

Mytilus galloprovincialis specimens were collected in September
2018 during low tide in the Ria de Aveiro estuary (northwest coast
of Portugal). Mussels were transported to the laboratory, where
they were maintained for fifteen days in aquaria for depuration
and acclimation to laboratory conditions. During this period, mus-
sels were kept under continuous aeration during a 12 h light: 12 h
dark photoperiod and were in synthetic seawater (salinity 30 ± 1,
Temperature 18.0 ± 1.0 �C; pH 8.0 ± 0.1), prepared with reverse
osmosis water with commercial salt (Tropic Marin� SEA SALT).
Seawater was renewed every day in the first three days and every
three days until the end of this period and mussels were fed with
Algamac protein plus (150,000 cells/animal) three times per week.

During the experimental exposure (twenty-eight days), mussels
were distributed into different aquaria with 3 L of synthetic seawa-
ter, with five individuals per aquarium and three aquaria per con-
dition. Each aquarium had a diffuser stone for aeration and
agitation of the water. Light, salinity, temperature and pH condi-
nd histopathological impacts of rutile and anatase (TiO2 forms) in Mytilus
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tions were the same as those used during depuration and acclima-
tion. Mussels were exposed to TiO2 particles with two different
crystallographic forms: rutile and anatase. The concentrations in
Ti tested were: CTL) 0 mg/L; C1) 5 mg/L; C2) 50 mg/L; and C3)
100 mg/L. This range of Ti concentrations was selected according
to the values reported in previous works for pristine and contam-
inated aquatic systems (Kennedy et al., 1974; Menard et al., 2011;
Shi et al., 2016). For the exposure assay, TiO2 particles (rutile and
anatase) in powder form were dispersed in ultrapure water using
a bath sonicator (60 Hz) during 10 min to obtain stock solution
of 60 and 600 mg/L of Ti. From these dispersions, appropriate con-
tamination solutions were prepared so that the intended contam-
inated levels in aquaria were achieved.

During the entire experimental period organisms were fed with
Algamac protein plus (150,000 cells/animal) three times a week.
Seawater was renewed once a week and Ti solutions were added
to the medium immediately after sonication during 5 min. Imme-
diately after the rutile and anatase particles spiking into the water,
samples were collected from each aquarium for quantification of Ti
in seawater medium.

At the end of the exposure period, with the exception of one
mussel per aquarium used for histopathological analyses, the
remaining organisms were frozen with liquid nitrogen and stored
at �80 �C. Three frozen mussels per aquarium (nine per condition)
were homogenized with a mortar and a pestle under liquid nitro-
gen. Each homogenized organism was divided into 0.5 g fresh
weight (FW) aliquots for biomarkers analyses and the remaining
tissue was used for Ti quantification.

2.3. Titanium quantification in water and mussel’s samples

Total Ti concentrations in waters and M. galloprovincialis soft
tissues were determined by inductively coupled plasma optical
emission spectrometry (ICP-OES), after microwave-assisted acid
digestion (CEM MARS 5). Water samples were stirred and then
sonicated using a bath sonicator for 10 min to ensure proper dis-
persion of the potentially present TiO2 particles. 4 mL of sample,
0.5 mL HNO3, 0.1 mL HF and 5.4 mL of water sample were added
to Teflon tubes. Samples were digested in the microwave by
increasing temperature to 180 �C in 10 min, which was then main-
tained for 10 min. After cooling down, the samples were analysed
by ICP-OES. Quality control was kept by blank analysis (reagent
mixture), which was below quantification limit (2 mg/L).

Freeze-dried samples (0.2 g) were homogenized and weighted
into a Teflon vessel to which 1 mL HNO3 65%, 1 mL HF 40% and
2 mL H2O2 30%, all v/v, were added. Samples were digested in
the microwave by increasing temperature to 180 �C in 10 min,
which was then maintained for 10 min. After cooling, samples
were transferred to polyethylene vessels, made to a final volume
of 25 mL with ultrapure water. Quality control was made through
the use of blanks (reaction vessels with only reagent mixture), cer-
tified reference material BCR-060 (Aquatic Plant, Lagarosiphon
major) and duplicates. Blanks samples were always below the
quantification limits for Ti (0.25 mg/kg), the coefficient of variation
of samples duplicates varied from 1% to 16% and mean percentage
of recovery for BCR-060 was 79 ± 2%.

2.4. Histopathological measurements

After the exposure period, one mussel per aquarium was fixed
in Bouin’s solution (5% of acetic acid, 9% of formaldehyde, 0.9% of
picric acid) for 24 h, at 4 �C. Then, samples were kept for a month
in 70–75% ethanol, which was changed daily. After this process, a
transverse histological sample of approximately 1 cm thickness
of the anterior part of each organism was cut and samples were
dehydrated in ethanol and placed in xylene. Afterwards, samples
Please cite this article as: C. Leite, F. Coppola, R. Monteiro et al., Biochemical a
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were embedded in paraffin (58 �C) in a vacuum stove (D’Aniello
et al., 2016; Polese et al., 2016; Zupo et al., 2019). Histological sec-
tions of 7 lm thick were cut with a microtome and placed on slides
covered with glycerin/albumin. For histological staining, the sam-
ples were placed in xylene and rehydrated in ethanol to remove
the paraffin. Then, half of the sections were stained with hema-
toxylin to assess tissue health (Polese et al., 2016; Zupo et al.,
2019). The other half of sections were stained with toluidine blue
(0.2% of toluidine blue in sodium acetate buffer) to assess the
abundance of hemocytes (Gabe, 1968).

Histopathological changes were identified in gills and digestive
glands of mussels, in each condition. The histopathological condi-
tion index (Ih) was assessed for gills and digestive glands, according
to Bernet et al. (1999) and adaptations performed by Costa et al.
(2013). The Ih was calculated following the formula:

Ih ¼
Pj

1wjajh
Pj

1Mj

where Ih is the histophatological index for the individual h; wj the
weight of the jth histopathological alteration; ajh the score attribu-
ted to the hth individual for the jth alteration andMj is the maximum
attributable value for the jth alteration. The Ih was determined fol-
lowing the concepts of the differential biological significance of
each surveyed alteration (weight) and its degree of dissemination
(score). The weights proposed were based on Costa et al. (2013)
and ranges between 1 (minimum severity) and 3 (maximum sever-
ity) while the score ranges between 0 (none) and 6 (diffuse).
2.5. Biochemical parameters

With the purpose of evaluating the biochemical alterations
induced in mussels after exposure to rutile and anatase concentra-
tions, markers related to metabolic capacity (electron transport
system (ETS) activity), energy reserves (glycogen (GLY) content,
total protein (PROT) content), oxidative stress (superoxide dismu-
tase (SOD) activity; catalase (CAT) activity; glutathione peroxidase
(GPx) activity; glutathione reductase (GRed) activity; glutathione
S-transferases (GSTs) activity; lipid peroxidation (LPO) levels; pro-
tein carbonylation (PC) levels), and neurotoxicity (acetyl-
cholinesterase (AChE) activity) were analysed. To guarantee the
validity of the results, the determination of the biochemical param-
eters was done in duplicate. For each biomarker, the extraction was
performed with specific buffers using a proportion of 1:2 (w/v)
with the homogenized tissue (Almeida et al., 2015; Coppola
et al., 2017; Pinto et al., 2019). Samples were homogenized using
a TissueLyser II (Qiagen) for 90 s, after which they were centrifuged
for 20 min at 10,000 g (3000 g for ETS) and 4 �C. Supernatants were
stored at �80 �C or immediately used.
2.5.1. Metabolic capacity and energy reserves
The ETS activity was measured using the method of King and

Packard (1975) with alterations implemented by De Coen and
Janssen (1997). Absorbance was determined at 490 nm during
10 min with intervals of 25 s. The amount of formazan formed
was calculated using the extinction coefficient (Ɛ) 15,900 (mmol/
L)�1 cm�1. The results were expressed in nmol per min per g FW.

The GLY content was evaluated following the sulfuric acid
method (Dubois et al., 1956), using glucose standards between 0
and 10 mg/mL to obtain a calibration curve. Absorbance was mea-
sured at 492 nm and the results were expressed in mg per g FW.

For PROT quantification the spectrophotometric Biuret method
was used, as described by Robinson and Hodgen (1940). Bovine
serum albumin (BSA) was applied to prepare standard solutions
in the range 0 – 40 mg/mL to obtain a calibration curve. The absor-
nd histopathological impacts of rutile and anatase (TiO2 forms) in Mytilus
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bance was measured at 540 nm and results were expressed in mg
per g FW.

2.5.2. Antioxidant and biotransformation defenses
The activity of SOD was quantified based on the method

described by Beauchamp and Fridovich (1971) with modifications
implemented by Carregosa et al. (2014). SOD standards in the
range 0.25 – 60 U/mL were used in order to obtain a calibration
curve. Absorbance was read at 560 nm and the activity was
expressed in U per g FW, where one unit (U) represents the amount
of the enzyme that catalyses the conversion of 1 lmol of substrate
per min.

The activity of CAT was determined following Johansson and
Borg (1988). Formaldehyde standards between 0 and 150 lmol/L
were used in order to obtain a calibration curve. Absorbance was
measured at 540 nm and the activity was expressed in U per g
FW, where U represents the amount of enzyme that caused the for-
mation of 1.0 nmol formaldehyde per min.

The activity of GPx was evaluated using the method of Paglia
and Valentine (1967). Absorbance was measured at 340 nm during
5 min in 10 s intervals. The activity was determined using the
extinction coefficient (Ɛ) 6.22 (mmol/L)�1 cm�1. Activity was
expressed in U per g FW, where U corresponds to the quantity of
enzyme that caused the formation of 1.0 lmol NADPH oxidized
per min.

The activity of GRed was quantified following the method
described by Carlberg and Mannervik (1985). Absorbance was
measured at 340 nm and the activity was determined using the
extinction coefficient (Ɛ) 6.22 (mmol/L)�1 cm�1. The activity was
expressed in U per g FW, where U represent the amount of enzyme
that caused the formation of 1.0 lmol NADPH oxidized per min.

The activity of GSTs was quantified based on the technique of
Habig et al. (1974) with adaptations performed by Carregosa
et al. (2014). Absorbance was measured at 340 nm during 5 min
in 10 s intervals. The amount of thioether formed was calculated
using the extinction coefficient (Ɛ) 9.6 (mmol/L)�1 cm�1. The activ-
ity was expressed in U per g FW, where U represents the quantity
of enzyme that causes the formation of 1 lmol of dinitrophenyl
thioether per min.

2.5.3. Cellular damage
Levels of LPO were quantified by the measurement of malondi-

aldehyde (MDA) content, following the method described by
Ohkawa et al. (1979). Absorbance was measured at 535 nm and
the amount of MDA formed was calculated using the extinction
coefficient (Ɛ) 156 (mmol/L)�1 cm�1. The results were expressed
in nmol per g FW.

Levels of PC were determined using the DNPH alkaline method
described by Mesquita et al. (2014). Absorbance was measured at
450 nm and PC levels were determined using the extinction coeffi-
cient (Ɛ) 0.022 (mmol/L)�1 cm�1. The results were expressed in
nmol of protein carbonyls groups formed per g FW.

2.5.4. Neurotoxicity
The activity of AChE was assessed using acetylthiocholine

iodide (ATChI, 5 mmol/L) substrates, according to the method of
Ellman et al. (1961) with alterations performed by Mennillo et al.
(2017). The activity of AChE was measured at 412 nm during
5 min and expressed in nmol per min per g FW using the extinction
coefficient (Ɛ) 13.6 � 103 (mol/L)�1 cm�1.

2.6. Statistical analyses

Results on Ti concentrations, histopathological indexes (Ih for
gills and digestive tubules) and biochemical markers (ETS, PROT,
GLY, SOD, CAT, GPx, GRed, GSTs, LPO, PC and AChE) obtained for
Please cite this article as: C. Leite, F. Coppola, R. Monteiro et al., Biochemical a
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mussels exposed to different conditions were submitted to a statis-
tical hypothesis testing using permutational analysis of variance,
employing the PERMANOVA + add-on in PRIMER v6 (Anderson
et al., 2008). The pseudo-F p-values in the PERMANOVA main tests
were evaluated in terms of significance. When significant differ-
ences were observed in the main test, pairwise comparisons were
performed. Values lower than 0.05 (p < 0.05) were considered as
significantly different. The null hypotheses tested were: i) for each
biological response (Ti accumulation in soft tissues, histopatholog-
ical and biochemical markers), and TiO2 particles (rutile or ana-
tase), no significant differences existed among exposure
concentrations (0, 5, 50 and 100 mg/L), with significant differences
represented in figures with different lowercase letters for rutile
particles and uppercase letter for anatase particles; ii) for each bio-
logical response (Ti accumulation in soft tissues, histopathological
and biochemical markers) and Ti exposure concentration (0, 5, 50
and 100 mg/L), no significant differences existed between TiO2 par-
ticles (rutile and anatase), with significant differences represented
in figures with an asterisk.

The matrix gathering the biological responses (histopathologi-
cal and biochemical markers) and Ti concentrations in mussel tis-
sues for each condition were used to calculate the Euclidean
distance similarity matrix. This similarity matrix was simplified
through the calculation of the distance among centroids matrix
based on the exposure condition, which was then submitted to
ordination analysis, performed by Principal Coordinates (PCO).
Pearson correlation vectors of biochemical descriptors, histopatho-
logical indices and Ti concentration (correlation >0.75) were pro-
vided as supplementary variables being superimposed on the top
of the PCO graph.
3. Results

3.1. Anatase and rutile particles characterization

The physical and textural properties of both anatase and rutile
samples were studied by XRD, Raman, SEM and �196 �C N2

adsorption-desorption isotherms. XRD diffractograms (Fig. 1S, Sup-
plementary Materials, SM) verified that both samples were
monophasic presenting the most representative reflections of
rutile (JCPDS no. 04-013-6225) and anatase (JCPDS no. 016-
2837), confirming the presence of rutile (P 42

m nm) and anatase
(I 4amd) tetragonal phases. The rutile lattice constants were
a = b = 4.5922 and c = 2.9578 Å. The anatase lattice parameters
were a = b = 3.7924 and c = 9.5304 Å. The densities of the rutile
and anatase particles were calculated from the lattice parameters
as 3.38 and 4.27 g/cm3, respectively. Raman spectroscopy dis-
played at Fig. 2S also confirmed the characteristic vibrational
modes of the pure crystallographic forms of rutile and anatase.
SEM micrographs are shown at Fig. 1. The rutile particles present
undefined morphology with aggregates of relatively large size as
depicted in the inset of Fig. 1. The anatase particles are small and
round shaped with an average diameter of 180 ± 24 nm (resulting
from the measurement of 50 particles). As it can be observed, rutile
displays bigger particles than anatase. �196 �C N2 adsorption iso-
therms were measured for both oxides (not shown) and the speci-
fic surface areas (SBET) calculated were 3 and 8 m2/g for rutile and
anatase, respectively. Both particles present low specific surface
area probably due to the agglomeration level. The anatase particles
have a slightly higher specific surface area than rutile which can be
related to the smallest size.

The behaviour of the rutile and anatase particles in suspension
in the exposure medium was investigated by DLS. Table 1 resumes
the size distribution of the oxide suspensions in the exposure med-
ium along 24 h. The DLS measurements were performed using a
nd histopathological impacts of rutile and anatase (TiO2 forms) in Mytilus
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Table 1
Z-average size distributions of rutile and anatase particles suspensions with
concentration of 100 mg/L in exposure medium as determined by DLS at 25 �C.

Oxide Z-Average size (nm)

After 15 min After 1 h After 24 h

Rutile 1659 ± 28 4066 ± 268 2139 ± 71
Anatase 1607 ± 77 3303 ± 337 3560 ± 532

Table 2
Concentrations of Ti (mg/g) in mussel’s soft tissues after 28 days of exposure to each
condition of rutile and anatase forms (CTL, 5, 50 and 100 mg/g of Ti). Significant
differences (p � 0.05) among conditions are represented with different letters
(lowercase letters for rutile; uppercase letters for anatase). Significant differences
(p � 0.05) between the two forms of TiO2 at each exposure concentration were
represented with asterisks.

Exposure conditions [Ti] (mg/g)

CTL 2.1 ± 0.3a,A

Rutile 5 mg/L 2.4 ± 1.0a

50 mg/L 2.5 ± 0.4a

100 mg/L 4.5 ± 0.3b

Anatase 5 mg/L 2.3 ± 0.8A

50 mg/L 2.8 ± 0.2A

100 mg/L 5.3 ± 0.7B

anatase

rutile

Fig. 1. SEM micrographs illustrating the typical morphology of rutile and anatase
particles. The rutile particles present undefined morphology with aggregates of
relatively large size as depicted in the inset. The anatase particles are small and
round shaped with an average diameter of 180 ± 24 nm (measurement of 50
particles).
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concentration of 100 mg/L, 1000 times superior to the maximum
expose to the mussels, in order to be above the resolution of the
equipment. The Z-average size distribution values were collected
after 15 min, 1 h and 24 h. Both oxides showed a strong tendency
to agglomerate within the first hour as particles are not stabilized
by the interparticle repulsive forces. After 1 h, the biggest aggre-
gates tend to deposit and only the smallest aggregates are kept
in suspension. As it can be observed, anatase suspension is almost
stabilised after 1 h and almost does not change till the 24 h mea-
surement. In the case of rutile, at the 1 h the particles are very
aggregated displaying a Z-Average size value of 4066 ± 268 nm
which decreases to 2139 ± 71 nm by 24 h. This decrease can be
associated to the deposition of the biggest particles, leading in sus-
pension just the smallest ones, which should be in very small
quantity. It should be emphasised that the last measurement did
not fit the quality criteria of the equipment due to the presence
of sedimenting particles and low concentration of particles in
suspension.

3.2. Titanium concentrations in water and mussel’s samples

Ti concentration in water samples was below the detection
limit (2 mg/L). The Ti concentration in M. galloprovincialis exposed
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to rutile particles increased along the exposure gradient, with sig-
nificant differences only at the highest exposure concentration
comparatively to the remaining conditions (Table 2). Similarly, Ti
concentration in mussels exposed to anatase particles tended to
increase along the exposure gradient, with significantly higher val-
ues in organisms exposed to 100 mg/L in comparison to the remain-
ing conditions (Table 2). At each exposure concentration, similar Ti
concentrations were found in mussels exposed to rutile and ana-
tase (Table 2).
3.3. Histopathological parameters

The exposure to TiO2 particles at different concentrations led to
an increase of damage severity in gills in a dose dependent manner,
regardless the TiO2 form (rutile or anatase) (Fig. 2). In particular,
along the increasing exposure gradient, gills of M. galloprovincialis
exposed to rutile showed a progressive increase of lipofuscin
aggregates, enlargement of the central vessel and hemocytes infil-
tration. Similarly, gills of mussels exposed to anatase showed a
progressive increase of lipofuscin aggregates, enlargement of the
central vessel, loss of cilia and hemocytes infiltration with the
increasing exposure concentration. Regarding the Ih of mussels’
gills (Fig. 3A) the values significantly increased along the exposure
gradient under both forms of TiO2 particles, with the highest values
at the uppermost tested concentration. No significant differences
were observed between rutile and anatase particles for each of
the tested concentrations.

Mussels’ digestive glands (Fig. 4) showed that exposure to rutile
particles lead to an increase accumulation of lipofuscin, atrophy
and hemocytes infiltration. In mussels exposed to anatase particles
(Fig. 4) an increase of atrophy and hemocytes infiltration was
observed and lipofuscin aggregates grow at 5 and 50 mg/L of Ti par-
ticles. No necrosis was found at any concentration for both forms of
TiO2 particles. In M. galloprovincialis exposed to rutile, the Ih
regarding mussels’ digestive gland (Fig. 3B) significantly expanded
along the exposure gradient, with the highest values at the maxi-
mum exposure concentration. The Ih regarding the digestive gland
of mussels exposed to anatase was significantly higher in contam-
inated mussels than in non-contaminated ones. No significant dif-
ferences were observed between anatase and rutile particles for
each of the tested concentrations.
3.4. Biochemical parameters

3.4.1. Metabolic capacity and energy reserves
In terms of ETS values, M. galloprovincialis exposed to rutile par-

ticles did not differ significantly from non-contaminated mussels.
In organisms exposed to anatase, significantly higher ETS values
were observed at 50 mg/L of Ti particles than in the control mussels.
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Fig. 2. Micrographs of histopathological alterations observed in the gills of M. galloprovincialis exposed to different Ti concentrations of rutile and anatase stained with
hematoxylin: lipofuscin aggregates (*); enlargement of the central vessel; hemocytes infiltration (circles) and loss of cilia (arrows). Scale bar = 50 lm.
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No significant differences were observed between rutile and ana-
tase particles for each of the tested concentrations (Fig. 5A).

In mussels exposed to both forms of TiO2 particles the GLY con-
tent was significantly higher in contaminated mussels compara-
tively to non-contaminated ones. No significant differences were
observed between the forms of TiO2 particles tested for each con-
centration (Fig. 5B).

The PROT content in mussels exposed to rutile particles was
lower in contaminated mussels than in non-contaminated ones,
with significant differences only between organisms under control
and exposed to 5 mg/L of Ti particles. In mussels exposed to ana-
tase, a significantly lower PROT content was showed in organisms
exposed to 5 and 100 mg/L of Ti particles in comparison to control
organisms and those exposed to 50 mg/L. No significant differences
were observed between rutile and anatase particles for each of the
tested concentrations (Fig. 5C).
3.4.2. Antioxidant and biotransformation defences
In mussels exposed to rutile particles SOD activity increased at

the lowest exposure concentration (5 mg/L) while significantly
decreased at 50 and 100 mg/L of Ti particles. The activity of SOD
in mussels exposed to anatase particles significantly increased in
mussels exposed to 50 mg/L of Ti particles. Comparing both forms
of TiO2 particles, SOD activity was significantly higher in organisms
exposed to rutile particles at 5 mg/L while an opposite pattern was
observed at 50 mg/L (Fig. 6A).

The activity of CAT showed no significant differences among
mussels exposed to rutile particles and non-contaminated mussels.
Mussels exposed to anatase particles showed significantly higher
CAT activity at 50 mg/L of Ti particles. Differences between rutile
and anatase particles were only observed in organisms exposed
to 50 mg/L of Ti particles, with the highest activity being in mussels
exposed to anatase (Fig. 6B).
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Mussels exposed to lower rutile concentrations (5 and 50mg/L of
Ti) showed significantly higher GPx activity relatively to non-
contaminated mussels. Significantly higher GPx activity was
observed in mussels exposed to anatase particles at higher expo-
sure concentrations (50 and 100 mg/L) than others. When relating
both forms of TiO2 particles, significant differences were observed
in organisms exposed to 5 mg/L, with the highest activity recorded
in mussels exposed to rutile (Fig. 6C).

The activity of GRed in mussels exposed to rutile particles was
significantly higher at the lowest exposure concentration (5 mg/L)
in contrast to the control mussels and organisms exposed to
50 mg/L. The activity of GRed in mussels exposed to anatase parti-
cles was significantly higher at 5 mg/L of Ti particles, comparatively
to the remaining conditions. When analysing rutile and anatase
particles side by side, significant differences were observed in
organisms exposed to 50 mg/L, with the highest activity found in
mussels exposed to anatase (Fig. 6D).

The activity of GSTs in mussels exposed to rutile particles was
significantly higher at the highest exposure concentration
(100 mg/L) than at the other conditions. In mussels exposed to ana-
tase particles GSTs activity significantly decreased at higher expo-
sure concentrations (50 and 100 mg/L) than in mussels in the
control group and those exposed to 5 mg/L. When comparing both
tested forms of TiO2 particles, significant differences were observed
in organisms exposed to 50 and 100 mg/L, with the highest activity
present in mussels exposed rutile (Fig. 7).

3.4.3. Cellular damage
Mussels exposed to rutile particles significantly decreased their

LPO levels at the lowest exposure concentration in comparison to
mussels under control and those exposed to 50 mg/L. LPO levels
were significantly higher in mussels exposed to anatase particles
than in non-contaminated mussels. Significant differences
between rutile and anatase particles were observed in contami-
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Fig. 3. Histopathological index in A: gills; and B: digestive tubules, in Mytilus galloprovincialis exposed to different Ti concentrations of rutile and anatase. Results are mean
+ standard deviation. Significant differences (p � 0.05) among conditions are represented with different letters (lowercase letters for rutile; uppercase letters for anatase).
Significant differences (p � 0.05) between the two forms of TiO2 at each exposure concentration were represented with asterisks.
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nated mussels, with the highest values in mussels exposed to ana-
tase (Fig. 8A).

PC levels in mussels exposed to rutile were significantly lower
at the lowest exposure concentration and significantly higher at
the intermediate exposure concentration in comparison to control
and the highest concentration. PC levels in organisms exposed to
anatase were significantly lower only at the highest exposure con-
centration than in the remaining conditions. Comparing both
forms of TiO2 particles, the levels of PC were significantly higher
in organisms exposed to anatase at 5 mg/L while an opposite pat-
tern was observed at 50 and 100 mg/L (Fig. 8B), with significantly
higher values in organisms exposed to rutile at these
concentrations.

3.4.4. Neurotoxicity
In mussels exposed to rutile particles the activity of AChE signif-

icantly increased at 50 and 100 mg/L. Mussels exposed to anatase
particles showed significantly higher AChE activity than in non-
contaminated mussels. Comparing both forms of TiO2 particles,
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AChE values were significantly higher in mussels exposed to ana-
tase at 5 mg/L than in rutile (Fig. 9)

3.5. Multivariate analysis

Results from the PCO analysis are presented in Fig. 10. The first
principal component axis (PCO1), which represents 32.3% of the
variability, clearly separated organisms exposed to control and
the lowest Ti particles concentration for both rutile and anatase
(positive side) from organisms exposed to higher concentrations
(negative side). PCO2 axis explained 24.7% of the variability, sepa-
rating organisms exposed to the highest rutile concentrations
(negative side) from organisms exposed to remaining conditions
(positive side). Ti concentration, histopathological indices, GLY
and GPx were the variables best correlated with PCO1 negative
side (r > 0.8), being associated with 100 mg/L of Ti both for rutile
and anatase particles. The variables LPO, ETS and SOD were highly
correlated with PCO2 positive side (r > 0.8), being closely related to
50 mg/L for anatase particles.
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Fig. 4. Micrographs of histopathological alterations observed in the digestive tubules ofM. galloprovincialis exposed to different Ti concentrations of rutile and anatase stained
with hematoxylin: atrophied digestive tubule (at) and lipofuscin accumulation (*). Scale bar = 50 lm.
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4. Discussion

The present study evaluated the impacts induced by rutile and
anatase particles in the species M. galloprovincialis assessing mus-
sels’ histopathological alterations and biochemical effects, includ-
ing impacts on organism’s metabolism, energy reserves, oxidative
and neurotoxic status. The impacts observed in the present study
can be clearly associated with the Ti concentration measured in
mussel’s soft tissues, which increased along the increasing expo-
sure gradient, with the highest impacts and Ti concentrations in
mussel’s soft tissues at the highest tested concentration regardless
the TiO2 form (rutile or anatase).

Although, the selected particles were studied by XRD, Raman
spectroscopy, and BET analysis in the powder form, the behaviour
of them in the experimental medium was expected to be very dif-
ferent. So, to understand the behaviour of rutile and anatase parti-
cles in the exposure medium DLS studies over 24 h were
performed. The DLS results showed that both forms of TiO2 parti-
cles tended to aggregate in the first contact with the medium.
However, after the first hour, the behaviour of the two oxides par-
ticles is quite different. In the case of rutile particles, after 1 h the
Z-average size is as big as 4066 ± 268 nm decreasing after to 24 h
to 2139 ± 71 nm probably because the largest aggregates deposit
at the bottom of the aquaria. It was assumed that very low quantity
of particles was still suspended in the medium as the DLS measure-
ments report at 24 h lacked quality. This observation evidences the
low stability of the rutile particles in the high ionic force medium,
which leads to high degree of deposition, and reduces the availabil-
ity to the mussels. In the case of anatase, the Z-average size was
already stabilised after 1 h. Table 1 shows a Z-average size of
3303 ± 337 nm after 1 h, remaining about the same after 24 h
(3560 ± 532 nm). This may indicate the faster stabilization of ana-
tase particles relatively to the rutile ones. The anatase particles
remained suspended in the exposure medium at least since 1 h
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after dispersion in the medium in a stable way, which may indicate
a higher availability to organisms than rutile. These results are in
good agreement with the ones reported by Canesi et al., 2010;
Zhu et al., 2011 showing that TiO2 particles form aggregates in arti-
ficial seawater and thus tend to precipitate rapidly to the bottom of
the aquarium, and correlating this with the high ionic strength of
the seawater. Jiang et al. (2009) justified the observation based
on the decrease of the energy barrier to avoid agglomeration with
increase of the ionic strength of the medium. Nevertheless, in the
present study, mussels accumulated identical amounts of rutile
and anatase particles. According to Ciacci et al. (2012) the aggrega-
tion increases with increasing concentration and Ward and Kach
(2009) demonstrated that bivalves more efficiently capture and
ingest particles that are incorporated into agglomerates compared
to those freely dispersed. So, the present results may indicate that
increasing concentrations may result into larger and/or more
aggregates with consequent enhancement of the accumulation
and of the toxicity. Based in these authors, a possible justification
for similar uptakes of both oxides by the bivalves may be the larger
aggregates of rutile (as observed by DLS) in relation to the anatase
which may allowed the bivalves to uptake more rutile in a shorter
time than in the case of anatase. Anatase particles are more stable,
remaining longer available for ingestion by the mussels.

The biological effects of rutile and anatase may be associated to
the structure of these particles. Jin et al. (2011) demonstrated that
anatase had the ability to induced reactive oxygen species (ROS)
generation while rutile particles were not able to induce ROS gen-
eration. As observed by XRD and Raman, the particles selected for
this study present rutile and anatase crystallographic pure phases.
Both structures are tetragonal, consisting of TiO6 octahedra which
share four edges in anatase and two edges in rutile. Anatase is a
metastable phase with lower surface energy than rutile and is
firstly formed from the assemblage of TiO6 monomers. Rutile is
the most stable phase at all conditions, having the lowest bulk free
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Fig. 5. A: Electron transport system activity (ETS), B: Glycogen content (GLY) and C: Protein content (PROT), in Mytilus galloprovincialis exposed to different Ti concentrations
of rutile and anatase. Results are mean + standard deviation. Significant differences (p � 0.05) among conditions are represented with different letters (lowercase letters for
rutile; uppercase letters for anatase). Significant differences (p � 0.05) between the two forms of TiO2 at each exposure concentration were represented with asterisks.
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Fig. 6. A: Superoxide dismutase activity (SOD); B: Catalase activity (CAT); C: Glutathione peroxidase activity (GPx); and D: Glutathione reductase activity (GRed), in Mytilus
galloprovincialis exposed to different Ti concentrations of rutile and anatase. Results are mean + standard deviation. Significant differences (p � 0.05) among conditions are
represented with different letters (lowercase letters for rutile; uppercase letters for anatase). Significant differences (p � 0.05) between the two forms of TiO2 at each
exposure concentration were represented with asterisks.
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energy of the two polymorphs. Typically, anatase is reported to
have higher reactivity as a consequence of the highest density of
localised states with surface-adsorbed hydroxyl radicals and of
the slowest charge carrier recombination compared to rutile
(Hanaor and Sorrell, 2011). These characteristic of anatase may
suggest that this polymorph is more prompt after being uptaken
by the mussels to undergo biological interactions.
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In what regards to toxic effects, histopathological observations
confirmed that both forms of TiO2 particles induced alterations in
mussels’ gills and digestive tubules. Since gills interact with the
surrounding environment, they are one of the main target organs
for contaminants (Evans, 1987; Au, 2004; Rajalakshmi and
Mohandas, 2005). In the present study, the exposure to rutile
and anatase particles resulted in an abundance of lipofuscin
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Fig. 7. Glutathione S-transferases activity (GSTs), in Mytilus galloprovincialis exposed to different Ti concentrations of rutile and anatase. Results are mean + standard
deviation. Significant differences (p � 0.05) among conditions are represented with different letters (lowercase letters for rutile; uppercase letters for anatase). Significant
differences (p � 0.05) between the two forms of TiO2 at each exposure concentration were represented with asterisks.
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aggregates, hemocyte infiltration and an enlargement of the cen-
tral vessel. The presence of lipofuscin aggregates was previously
associated with oxidative stress in bivalves (Livingstone et al.,
2006), which is in accordance with the present results obtained
in mussels exposed to anatase particles. However, in mussels
exposed to rutile particles the appearance of these aggregates
was not accompanied by cellular damage which may indicate the
low toxicity of rutile in terms of biochemical changes and, on the
other hand, higher responsiveness of mussels in terms of
histopathological changes towards this TiO2 form. In what regards
to hemocytes infiltration these alterations are clearly a conse-
quence of mussels’ exposure to rutile and anatase particles. Similar
alterations were already observed by Bignell et al. (2011) and
Amachree et al. (2014) in mussels exposed to other stressful condi-
tions, namely the presence of pathogens and mercury, respectively.
The loss of cilia was only observed in mussels exposed to anatase,
which may indicate higher toxicity of these particles than the rutile
ones. According to Pagano et al. (2016), the loss of cilia may lead to
difficulties in filtering food and breathing problems, highlighting
possible physiological impairments in mussels exposed to these
particles which can compromise mussel’s growth and reproduction
success. Previous studies conducted by D’Agata et al. (2014) also
showed that mussels suffered histopathological alterations in gills
due to exposure to ‘bulk’ TiO2 and TiO2 particles, while Sunila
(1988) demonstrate similar impacts due to cadmium, copper, lead,
cobalt, iron and silver.

Bivalves’ digestive gland has also been widely used for toxicity
evaluation (Bignell et al., 2008; Marigómez et al., 2013) because it
is the major organ involved in organism’s homeostatic regulation,
immune defence mechanisms and metabolism (Moore and Allen,
2002; Livingstone et al., 2006). The results obtained in the present
study showed that rutile and anatase particles caused atrophy
of this organ, which according to Cuevas et al. (2015) corresponds
to a reduction in the thickness of epithelia followed by the expan-
sion of the digestive tubule lumen. Rutile and anatase particles also
caused hemocytes infiltration and accumulation of lipofuscin in
digestive tubules. Previous studies also demonstrated that dia-
mond nanoparticles (Cid et al., 2015), CdS quantum dots
(Jimeno-Romero et al., 2019) and copper (Calabrese et al., 1984)
induced similar histological alterations in bivalves’ digestive
gland.
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Regarding mussel’s biochemical changes, and in particular mus-
sel’s metabolism, the results obtained showed that the organisms
metabolic capacity was not altered when exposed to rutile parti-
cles, which may indicate that the Ti concentrations tested under
this form were not enough to impact mussels’ metabolism. Other
authors also demonstrated that low concentrations of mercury
and carbon nanoparticles had no effects of mussel’s metabolism
(Coppola et al., 2017; Andrade et al., 2019). However, when mus-
sels were exposed to anatase particles an increase on their meta-
bolic capacity was observed, especially at the intermediate
exposure concentration, showing that mussels exposed to this
TiO2 form were probably trying to prevent the effects of Ti, namely
activating antioxidant and biotransformation defence mechanisms
which requires higher metabolic capacity. Similarly, Monteiro et al.
(2019) demonstrated that M. galloprovincialis exposed to high con-
centration of Ti (100 mg/L) increased their metabolic capacity. In
this way, the present findings may indicate that although Ti con-
centrations were similar in mussels exposed to both TiO2 forms,
it seems that anatase can induce greater metabolic alterations than
rutile. Thus, and in accordance to published studies and the present
results, it seems that mussels’ metabolic capacity may depend on
the contaminant type and on the concentration tested, with higher
concentrations exerting higher impacts.

Regarding mussels’ energy reserves, the present study demon-
strated that organisms were able to avoid the expenditure of
GLY, regardless of the TiO2 form. These results followed the ability
of mussels to maintain their ETS activity when exposed to rutile
particles, indicating that in stressful conditions mussels try to pre-
vent the impacts by limiting their metabolic activity and saving
GLY expenditure. The ability to maintain the ETS activity followed
by the increased of GLY content was observed by Coppola et al.
(2018) in M. galloprovincialis after exposure to arsenic. The results
obtained further revealed that the increased metabolic capacity in
mussels exposed to anatase particles was not high enough to lead
to the expenditure of GLY. Once again, such results may highlight
that the exposure concentrations tested were not high enough to
lead to mussels’ energy reserves expenditure or other energy
reserves (such as lipids) were used to fuel up defence mechanisms.
This pattern was also observed by Monteiro et al. (2019) in M. gal-
loprovincialis after exposure to Ti. Nevertheless, in what regards to
PROT content, this energy reserve decreased in mussels exposed to
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Fig. 8. A: Lipid peroxidation levels (LPO); and B: Protein carbonylation levels (PC), in Mytilus galloprovincialis exposed to different Ti concentrations of rutile and anatase.
Results are mean + standard deviation. Significant differences (p � 0.05) among conditions are represented with different letters (lowercase letters for rutile; uppercase
letters for anatase). Significant differences (p � 0.05) between the two forms of TiO2 at each exposure concentration were represented with asterisks.
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rutile and anatase particles, indicating that organisms were using
proteins and were not able to increase their production under
the exposure conditions, probably because the stress induced
was not sufficient to activate the production of enzymes.

Under stressful conditions organisms, including mussels, nor-
mally increase the production of reactive oxygen species (ROS)
and in order to avoid cellular damages they activate their antioxi-
dant defences, including the activity of the enzymes superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx)
and glutathione reductase (GRed) (Regoli and Giuliani, 2014).
Along with the activation of antioxidant defences, organisms
exposed to stress conditions also activate biotransformation
enzymes, namely glutathione S-transferases (GSTs) (Townsend
and Tew, 2003; Sturve et al., 2008). Our findings suggest that the
activity of antioxidant defences in mussels exposed to rutile
particles, for most of the enzymes, did not increase with the
increasing exposure concentration, corroborating the hypothesis
that the conditions tested and/or the rutile reactivity were not
sufficient to induce biochemical changes in mussels, namely
increase on their antioxidant defences. Another possibility is that
biotransformation defences, namely GSTs enzymes, were involved
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in cells detoxification from Ti, which was noticed at the highest
exposure concentration and, for this reason, there was no need
for antioxidant enzymes activation. The GSTs are an important
group of enzymes whose function is catalyse the conjugation of a
xenobiotic with glutathione (GSH) (Townsend and Tew, 2003) as
well as inactivate lipid peroxidation products through the use of
GSH as a reducing agent (Sturve et al., 2008). Previous studies
demonstrated the non-activation of antioxidant enzymes while
GSTs were activated, namely in M. galloprovincialis exposed to
arsenic (Coppola et al., 2018) and in the same species exposed to
silver nanoparticles (Ale et al., 2019). Nevertheless, in mussels
exposed to anatase particles an opposite behaviour was detected.
Mussels increased their antioxidant defences while decreasing
the biotransformation defences (GSTs). These findings may result
from the higher ROS production resulting from higher toxicity
of anatase but also from the activation of mussel’s metabolic
capacity, assessed by the activity of ETS, since the mitochondrial
transport system is one of the main ROS generators, leading to
the activation of antioxidant enzymes. Again, this effect may be
associated to the highest reactivity of anatase characteristic of its
structure.
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Fig. 9. Acetylcholinesterase activity (AChE), in Mytilus galloprovincialis exposed to different Ti concentrations of rutile and anatase. Results are mean + standard deviation.
Significant differences (p � 0.05) among conditions are represented with different letters (lowercase letters for rutile; uppercase letters for anatase). Significant differences
(p � 0.05) between the two forms of TiO2 at each exposure concentration were represented with asterisks.

Fig. 10. Centroids ordination diagram (PCO) based on biochemical descriptors, histopathological indices and Ti concentration, measured in Mytilus galloprovincialis exposed
to different Ti concentrations of rutile and anatase. Pearson correlation vectors are superimposed as supplementary variables (r > 0.75): Ti, IhG; IhDG; ETS; GLY; PROT; SOD;
CAT; GPx; GRed; GSTs; LPO; PC; AChE.
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As a consequence of low rutile toxicity, the results obtained
revealed low cellular damages in mussels exposed to this TiO2

form. Since antioxidant defences were not significantly activated,
the present results highlight the low toxicity of rutile particles as
well as the efficiency of the biotransformation defence system to
detoxify rutile particles. Nonetheless, mussels exposed to anatase
particles suffered cellular damages despite the increase in antioxi-
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dant defences. In this case, cellular damages may result from the
excessive production of ROS and the inefficient ability of mussels
to activate GSTs. Similarly, Andrade et al. (2019) also demonstrated
that M. galloprovincialis exposed to carbon nanotubes lead to cellu-
lar damages and decreased in GSTs activity.

The present study further revealed that rutile and anatase par-
ticles induced neurotoxicity in mussels. The increased in AChE
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activity is probably due to organisms’ attempts to reduce neuro-
transmitter excess in the synaptic clefts. It has been reported that
the increase on AChE activities reflected the neurotoxicity of TiO2

particles in the scallop Chlamys farreri (Xia et al., 2017), which
showed higher AChE values in contaminated organisms.
5. Conclusions

As conclusion, the present study showed that rutile and anatase
particles were responsible for Ti bioaccumulation as well as bio-
chemical and histopathological alterations in mussels, in a
concentration-dependent way, with higher injuries identified in
mussels exposed to higher Ti concentrations, regardless the TiO2

form. These results are clearly highlighted by the PCO analysis,
which separated organisms exposed to control conditions and
the lowest Ti concentration for both rutile and anatase, from
organisms exposed to higher concentrations. The mussels suffer
the highest metabolic and oxidative stress impacts in the presence
of anatase. These results are in agreement with several studies that
already proved that anatase particles are more toxic than rutile
particles (Braydich-Stolle et al., 2009; Zhang et al., 2013). The tox-
icity of anatase was mainly associated to low particle size. In par-
ticular, Zhang et al. (2013) demonstrated that the 25 nm anatase
particles induced the strongest cytotoxicity and oxidative stress,
followed by 5 and 100 nm anatase particles. In contrast, 100 nm
rutile particles induced the lowest toxicity. In the present work,
independently of the size of the TiO2 particles as powders or even
after dispersion in the exposure medium, within the duration of
the study, the mussels were able to ingest similar quantities from
both oxides for each initial concentration used. It was verified that
the initial size of the particles should not be the most important
parameter to explain the uptake of TiO2. Despite the observation
by SEM that anatase material was constituted by a more homoge-
neous mixture of particles with about 180 nm of size, while rutile
was formed by a heterogeneous mixture of non-well-defined
shaped particles with bigger sizes, both oxides were ingested by
the mussels in similar amounts. Furthermore, as investigated by
DLS the particles in suspension suffered aggregation phenomena,
which lead to the deposition of larger aggregates. The smallest
aggregates remained in suspension, available to the mussels, but
with sizes significantly bigger than the particle sizes. From these
observations, the toxicity of the TiO2 particles to the mussels seems
to be more related with the oxide nature than to the initial size of
particles or aggregates. When comparing the two TiO2 polymorphs,
anatase particles induced higher injuries in mussels than rutile,
especially in term of oxidative stress. This evidence is probably
due to the metastability of the anatase crystallographic structure
with tendency to adsorb radical species at the surface, which
increase the cellular damage and promote the enhancement of
the antioxidant defences. In agreement with this conclusion,
Iswarya et al. (2016) demonstrated that anatase particles were
more toxic than rutile, under visible irradiation in Ceriodaphnia
dubia, and correlated the higher toxicity of anatase particles com-
paratively to rutile to the crystalline form and the aggregation of
the particles.

Since both TiO2 polymorphs induced histopathological changes
compromising the physiological performance of M. galloprovin-
cialis, this study highlights the risk of discharge TiO2 even in low
quantity into aquatic environment for the inhabiting organisms.
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